Genetic factors that regulate the pathogenesis of pneumonia caused by the fungus Cryptococcus neoformans are poorly understood. Through a phenotypic strain survey we observed that inbred C3H/HeN mice develop a significantly greater lung fungal burden than mice of the resistant CBA/J strain 4 weeks following intratracheal infection with C. neoformans ATCC 24067. The aim of the present study was to characterize the inflammatory response of C3H/HeN mice following C. neoformans pulmonary infection and to identify genetic loci that regulate host defense. Following cryptococcal infection, C3H/HeN mice demonstrated a Th2 immune response with heightened airway and tissue eosinophilia, goblet cell metaplasia, and significantly higher lung interleukin-5 (IL-5) and IL-13 protein expression relative to CBA/J mice. Conversely, CBA/J mice exhibited greater airway and tissue neutrophilia that was associated with significantly higher pulmonary expression of gamma interferon, CXCL10, and IL-17 proteins than C3H/HeN mice. Using the fungal burden at 4 weeks postinfection as a phenotype, genome-wide quantitative trait locus (QTL) analysis among 435 segregating (C3H/HeN ؋ CBA/J)F2 (C3HCBAF2) hybrids identified two significant QTLs on chromosomes 1 (Cnes4) and 9 (Cnes5) that control susceptibility to cryptococcal pneumonia in an additive manner. Susceptible C3H/HeN mice carry a resistance allele at Cnes4 and a susceptibility allele at Cnes5. These studies reveal additional genetic complexity of the host response to C. neoformans that is associated with divergent patterns of pulmonary inflammation.
C
ryptococcus neoformans is a ubiquitous environmental fungus that primarily causes pneumonia and meningitis among immune-deficient populations (3, 11) and is being increasingly recognized in immunocompetent individuals (28, 30, 36) . The spectrum of illness ranges from latent or subclinical infection to severe and potentially lethal disease and is consistent with the notion that susceptibility to C. neoformans infection is controlled by multiple genetic and environmental factors (14, 16) . Nevertheless, due to a paucity of reports that describe familial clustering of infection, as well as the frequent confounding effects of HIV infection or iatrogenic immune suppression, clinical and epidemiological studies have not identified these susceptibility factors.
Experimental analysis of mouse models has been a highly effective strategy to identify the cellular and molecular basis of the host immune response to cryptococcal infection (50) . Data from mice that harbor natural or genetically engineered immune defects have identified a role for several components of the innate immune system as well as the complexity of antibody (Ab)-and cell-mediated anticryptococcal responses that generate protective immunity (55) . Interestingly, immunocompetent inbred mouse strains also show remarkable variation in their susceptibility to experimental C. neoformans lung infection (10, 17, 21, 43, 57) . As a consequence of the evolutionary origins and distinct breeding histories (4, 41) , inbred strains carry extensive genomic sequence diversity and can serve as a valuable resource for identification of underlying susceptibility loci, genes, and biochemical pathways through complex trait analysis (25) . Despite this potential, a current limitation to this approach for investigation of cryptococcal pneumonia is that careful characterization of host susceptibility phenotypes has been limited to relatively few inbred strains.
The overall aim of this study was to advance the understanding of genetically regulated host defense against cryptococcal pneumonia. To achieve this goal, we first phenotyped a panel of 10 widely used inbred mouse strains using a well-established infection model that recapitulates clinical disease (22, 41) . We defined relative susceptibility among inbred mouse strains on the basis of the lung fungal burden at 28 days postinfection. From this survey we observed that the previously uncharacterized C3H/HeN inbred strain is highly susceptible to C. neoformans infection, despite the fact that it is considered to be immunocompetent and shares recent common ancestry with the resistant CBA/J strain. To investigate the immunological and genetic basis for differential host resistance between the closely related C3H/HeN and CBA/J inbred strains, we then performed a comparative study of lung inflammatory responses and a genome-wide quantitative trait locus (QTL) analysis following intratracheal C. neoformans infection.
MATERIALS AND METHODS
Mouse strains and crosses. Inbred C3H/HeN and CBA/JCrHsd (CBA/J) mice were obtained from Harlan Laboratories or bred in our specificpathogen-free facility. (C3H/HeN ϫ CBA/JCrHsd)F1 (C3HCBAF1) and (C3HCBAF1 ϫ C3HCBAF1)F2 (C3HCBAF2) mice were bred and main-tained in our specific-pathogen-free facility. All animals were maintained in compliance with the Canadian Council on Animal Care, as approved by McGill University. C. neoformans culture. C. neoformans ATCC 24067 was grown and maintained on Sabouraud dextrose agar (BD, Becton, Dickinson and Company). Cells from a single colony were grown in Sabouraud dextrose broth (BD) for 48 h with constant rotation. The stationary culture was then washed with sterile phosphate-buffered saline (PBS), counted on a hemacytometer, and diluted to 2 ϫ 10 5 CFU/ml in sterile PBS. Each experimental dose was confirmed before and after infection by plating a dilution on Sabouraud dextrose agar and counting the number of CFU after 72 h of incubation at room temperature.
Intratracheal administration of C. neoformans. Mice were anesthetized by intraperitoneal injection of ketamine (15 mg/kg of body weight; Ayerst Veterinary Laboratories) and xylazine (125 mg/kg; Bayer Inc.), and a small skin incision was made over the trachea. Subsequently, 50 l of 2 ϫ 10 5 CFU/ml of C. neoformans (10 4 CFU) was administered via insertion of a 22-gauge catheter into the trachea, followed immediately by 50 l of air. The incision was then closed using a 9-mm Autoclip wound closing kit (Stoelting), and the mice were allowed to recover under a heat lamp.
Lung isolation and CFU assay. At the indicated time points following infection, mice were euthanized by CO 2 exposure and the lungs were excised and placed in 2 ml of ice-cold, sterile PBS. Lungs were then weighed and homogenized with a glass tube and pestle at 333 rpm using a tissue homogenizer (Glas-Col). The lung homogenate was then serially diluted in sterile PBS and plated on Sabouraud dextrose agar plates in duplicate. Inoculated plates were incubated at 37°C for 72 h, and then the numbers of C. neoformans CFU were counted. To detect microbial contamination arising from the infection or lung excision procedures, each homogenate was also plated on Columbia blood agar.
Lung histology. Lungs were gently flushed with ice-cold PBS via the right ventricle and then inflated to a fixed pressure of 25 cm H 2 O with 10% buffered formalin acetate (Fisher Scientific) in situ, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin-eosin (H&E) or periodic acid-Schiff (PAS). Slide images were captured with a CoolSNAP-Pro cf digital capture kit (Media Cybernetics) using an Olympus BX51 light microscope (Olympus Canada Inc.).
BAL. Bronchoalveolar lavage (BAL) fluid (BALF) was collected by flushing the airways with four 0.5-ml aliquots of ice-cold, sterile PBS via a 22-guage catheter inserted into the trachea of a euthanized mouse. The total airway cell number was determined using an automated cell counter (Beckman Coulter). Differential cell counts of macrophages, neutrophils, and eosinophils were determined by counting 300 cells following cytospin centrifugation (Shandon) and Diff-Quik staining (Dade Behring). Macrophages were identified as relatively large cells with a compact violet nucleus and abundant vacuolated cytoplasm, while neutrophils and eosinophils were identified as having segmented blue nuclei and pale or red-staining cytoplasmic granules, respectively. The absolute number of cells for each subset was determined by multiplying the percentage of each cell type by the total number of leukocytes.
Isolation of CD45 ؉ lung leukocytes. Individual lungs were gently flushed with ice-cold PBS via the right ventricle and immediately placed in 15 ml of sterile digestion buffer (RPMI 1640 medium supplemented with 2 mM glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 1 mg/ml collagenase D [Sigma-Aldrich], 30 g/ml DNase I, and 10% [vol/vol] fetal bovine serum). Lungs were enzymatically digested for 90 min at 37°C, and the suspension was then drawn through a 10-ml syringe multiple times to disperse any residual fragments. Cells were then filtered through a 70-msieve-size cell strainer and collected by centrifugation. Erythrocytes were lysed with ice-cold NH 4 Cl buffer (0.83% NH 4 Cl, 0.1% KHCO 3 , 0.037% Na 2 EDTA, pH 7.4) for 3 min, and the remaining leukocytes were suspended in complete medium (RPMI 1640 medium supplemented with 2 mM glutamine, 100 U/ml penicillin, 100 g/ml streptomycin). CD45 ϩ cells were isolated from the lung cell suspension by magnetically activated cell sorting CD45 ϩ microbeads and an AutoMACS cell sorter (Miltenyi Biotec) according to the manufacturer's protocol. The total CD45 ϩ cells were counted using an automatic cell counter (Beckman Coulter), and differential leukocyte counts were determined as described above.
Flow cytometry. CD45 ϩ lung leukocytes were incubated with Fc blocking anti-mouse CD16/32 Ab (eBioscience). Aliquots of 10 6 cells were then incubated with peridinin chlorophyll protein-conjugated anti-CD4 Ab (BD Pharmingen), phycoerythrin-conjugated anti-CD8 Ab (eBioscience), fluorescein isothiocyanate-conjugated anti-CD19 Ab (BD Pharmingen), or a corresponding anti-rat IgG isotype control Ab. Propidium iodide staining was used to assess cell death (eBioscience). Data were collected with a FACSCalibur flow cytometer and CellQuest software (BD Bioscience) and analyzed by FlowJo software (Tree Star Inc.). A total of 50,000 events were captured per sample after setting a gate based on forward-and side-scatter patterns and CD45 ϩ expression. The absolute number of each cell subset was determined by multiplying the percentage of each cell type by the total number of leukocytes.
Genotyping and QTL analysis. DNA was collected from parental strains and F2 progeny using a DNeasy tissue kit (Qiagen). Informative single nucleotide polymorphisms (SNPs) between C3H/HeN and CBA/ JCrHsd parental strains were identified using a JAX mouse diversity genotyping array (The Jackson Laboratory). Eleven genomic regions greater than 40 Mb did not contain an informative SNP between C3H/HeN and CBA/JCrHsd mice. A total of 94 informative SNPs were chosen at an average distance of 24.1 Mb and used to genotype all 435 C3HCBAF2 mice (218 males, 217 females). Genotyping was carried out at the Centre Hospitalier de l'Université Laval Research Centre. QTL analysis was performed using the package R/qtl in the statistical software R (5). A linear regression analysis was conducted to determine if sex was a significant covariate in the F2 population. Subsequently, single-marker linkage analysis was done in R by testing for linkage using three models with an additive, dominant, or recessive mode of inheritance. Analysis to test for all pairwise locus interactions was carried out by regression at the markers. The genome-wide significance of a locus was estimated by permutation with 10,000 resamples and took into consideration not only the total number of markers but also, at the same time, the number of models tested. A P value of 0.01 was our criterion for statistical significance.
Total lung cytokine production. Mice were euthanized and lungs were perfused via the right ventricle with 10 ml of ice-cold PBS. Whole lungs were excised and placed in 2 ml PBS with Halt protease and phosphatase inhibitor cocktail (Fisher Scientific). Lungs were subsequently homogenized using a sterilized glass tube and pestle attached to a mechanical tissue homogenizer (Glas-Col). Homogenates were centrifuged at 12,000 rpm for 20 min, and supernatants were collected and stored at Ϫ80°C until analysis. Supernatants were assayed in 96-well plates (Greiner Bio One) using DuoSet enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems) for interleukin-5 (IL-5), IL-13, IL-17, gamma interferon (IFN-␥), and CXCL10 protein per the manufacturer's protocol. Sample optical densities were determined using a microplate reader (Bio-Rad) and interpolated against a suitable standard curve.
Statistical analysis. All fungal burden data are expressed as the mean Ϯ standard error of the mean (SEM) unless otherwise indicated. Standard statistical analyses and graphics were done in R, version 2.13.1 (http://www.R-project.org), or Prism, version 4 (GraphPad). Pairwise comparisons were done with an unpaired t test; Tukey post hoc tests were applied to multiple comparisons.
RESULTS
Inbred mice exhibit differential susceptibility to experimental C. neoformans infection. To survey the natural variation in host susceptibility to cryptococcal pneumonia, we phenotyped a panel of 10 inbred mouse strains from the initial priority classification of the mouse phenome project (41) . We observed a wide spectrum of lung fungal burden among six previously uncharacterized strains and established their susceptibility relative to the susceptibilities of C57BL/6J, BALB/cJ, CBA/J, and SJL/J mice (Table 1 ). In four cases (FVB/NJ, A/J, DBA/2J, and SWR/J mice), the susceptible phenotype is likely attributable to known complement C5 deficiency (the C5 genotype has not been determined in 129S6 mice). The most notable finding from the phenotypic survey was that C5-sufficient C3H/HeN mice were highly susceptible to C. neoformans infection, with a lung fungal burden that was similar to that of C57BL/6J mice (mean lung burden, 6.49 Ϯ 0.10 log 10 CFU versus 6.94 Ϯ 0.16 log 10 CFU) (22) . The marked susceptibility of C3H/HeN mice compared to that of resistant CBA/J mice (mean lung burden, 4.27 Ϯ 0.27 log 10 CFU) was particularly striking since these strains are closely related and share the H-2 k/k haplo-type that mediates antigen presentation by the immune system (17, 18) . C3H/HeN is susceptible to progressive C. neoformans infection. To determine the kinetics of differential fungal growth between C3H/HeN and CBA/J mice, each inbred strain was intratracheally infected with 10 4 CFU of C. neoformans ATCC 24067 and lung fungal burden was followed at serial time points (Fig. 1A) . At day 21, C3H/HeN mice presented a significantly greater lung fungal burden than CBA/J mice (6.79 Ϯ 0.04 log 10 CFU for C3H/HeN mice versus 5.45 Ϯ 0.37 log 10 CFU for CBA/J mice; P Ͻ 0.001) that was also observed at day 28 (6.61 Ϯ 0.16 log 10 CFU for C3H/HeN mice versus 4.67 Ϯ 0.11 log 10 CFU for CBA/J mice; P Ͻ 0.001) and day 56 (3.94 Ϯ 0.49 log 10 CFU for C3H/HeN mice versus 2.73 Ϯ 0.18 log 10 CFU for CBA/J mice; P Ͻ 0.01). C3H/HeN mice also demonstrated significantly greater fungal dissemination to the spleen (1.80 Ϯ 0.24 log 10 CFU for C3H/HeN mice versus 0.57 Ϯ 0.37 log 10 CFU for CBA/J mice; P ϭ 0.01) at day 28 than the CBA/J inbred strain (Fig. 1B) . No significant difference in fungal burden was observed between male and female C3H/HeN mice or CBA/J mice up to day 56 (data not shown) (10) .
C3H/HeN and CBA/J mount differential immune responses to experimental C. neoformans infection. To investigate whether the C3H/HeN inbred strain presented an allergic bronchopulmonary response following cryptococcal infection as previously observed with susceptible C57BL/6J mice, we performed a comparative histological analysis of the pulmonary inflammatory response between C3H/HeN and CBA/J mice (Fig. 2) . PAS or H&E staining of fixed lung sections did not demonstrate any significant differences between uninfected C3H/HeN and CBA/J mice (data not shown). At all time points and in both strains, inflammation was predominantly macrophage rich with fewer lymphocytes ( Fig. 2A to H) . The CBA/J mice showed a more extensive and nearly confluent infiltrate at day 14, while the C3H/ HeN mice had moderate patchy involvement that peaked at day 21. Focal necrosis was present in CBA/J mice at days 14 and 21 but was never observed in the C3H/HeN mice. At days 14, 21, and 28, there was an increased presence of eosinophils in the C3H/HeN mice, while there were increased neutrophils in the CBA/J mice. H&E staining also demonstrated a greater presence of visible C. neoformans cells at 14, 21, and 28 days postinfection in C3H/HeN mouse lungs than CBA/J mouse lungs. At day 63, both mouse strains showed resolving inflammation that was characterized by a relatively mild patchy histiocytic infiltrate with lymphocytes and few granulocytes. Histiocytic aggregates and occasional giant cells were suggestive of ill-formed granulomas in the CBA/J mice. PAS staining demonstrated goblet cell metaplasia with airway epithelial cell mucus accumulation in C3H/HeN mouse airways at days 14, 21, and 28 after infection (Fig. 2I , representative of these time points). Mucus was not detectable in the C3H/HeN mouse airways at day 63 and was never detected in the CBA/J mouse airways after infection (Fig. 2J , representative of all time points).
Cell recruitment to the airways and lung interstitium was assayed to characterize the inflammatory cell profiles associated with the differential pulmonary fungal burden and allergic response following experimental infection in C3H/HeN and CBA/J inbred mice (Fig. 3) . The BALF revealed significantly greater total leukocyte recruitment to the airways of C3H/HeN mice than those Leukocyte and lymphocyte recruitment to the interstitial compartment of the lungs was determined at day 14 and day 21, the time points after experimental infection that were associated with the most significant differences in airway cell recruitment between C3H/HeN and CBA/J mice. Enumeration of CD45 ϩ cells selected from whole-lung digests using antibody-coated magnetic beads revealed that CBA/J mice recruited a significantly higher number than C3H/HeN mice at day 21 postinfection (9,448 ϫ 10 4 Ϯ 873 ϫ 10 4 versus 4,650 ϫ 10 4 Ϯ 444 ϫ 10 4 ; P Ͻ 0.01) (Fig. 4) ; P Ͻ 0.05) Cytokine expression was analyzed by protein ELISA to identify the pattern of immune polarization in the lungs of C3H/HeN and CBA/J mice following C. neoformans infection (Fig. 5) . At day 14 postinfection, C3H/HeN mice presented significantly higher levels of the Th2-associated cytokines IL-5 (99 Ϯ 6 pg/ml versus 59 Ϯ
FIG 4
Whole-lung leukocyte and lymphocyte recruitment following C. neoformans infection. Whole-lung leukocytes were isolated using CD45 ϩ antibodyconjugated magnetic beads from lung cell suspensions of inbred 7-week-old female C3H/HeN and CBA/J mice at day 14 and day 21 after intratracheal infection with 10 4 CFU of C. neoformans ATCC 24067. The total leukocyte number was determined by an automated cell counter, and leukocyte subsets were analyzed by Diff-Quik staining of cell suspensions on cytospin slides. CD45 ϩ leukocytes were also stained with fluorochrome-labeled antibodies specific for CD4 ϩ T-lymphocyte, CD8
ϩ T-lymphocyte, and CD19 ϩ B-lymphocyte subsets and analyzed by flow cytometry. The absolute number of cells was determined by multiplying the percentage of each cell type by the total number of leukocytes (n ϭ 4 to 6 mice/strain/time point; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001).
10 pg/ml; P Ͻ 0.01) and IL-13 (231 Ϯ 34 pg/ml versus 76 Ϯ 7 pg/ml; P Ͻ 0.001) than CBA/J mice. In contrast, the lungs of CBA/J mice demonstrated significantly higher expression of the Th1-associated cytokines CXCL10 (3,328 Ϯ 450 pg/ml versus 1,380 Ϯ 70 pg/ml; P Ͻ 0.001) and IFN-␥ (1,245 Ϯ 199 pg/ml versus 89 Ϯ 16 pg/ml; P Ͻ 0.001) and the Th17-associated cytokine IL-17 (573 Ϯ 122 pg/ml versus 93 Ϯ 8 pg/ml; P Ͻ 0.01). In summary, following C. neoformans infection, C3H/HeN mice presented a Th2 pulmonary immune response characterized by airway and interstitial eosinophilia and higher expression of IL-5 and IL-13, while CBA/J mice developed airway and interstitial neutrophilia, greater interstitial macrophage infiltration, and higher expression of Th1-and Th17-associated cytokines.
Complex genetic regulation of susceptibility to experimental C. neoformans infection. To elucidate the genetic regulation of differential susceptibility to experimental C. neoformans infection between C3H/HeN and CBA/J mice, genome-wide QTL analysis was performed using lung fungal burden as the phenotype. No significant difference in lung fungal burden was observed between male and female C3H/HeN, CBA/J, C3HCBAF1, or C3HCBAF2 mice. The mode of inheritance of susceptibility was first investigated in C3HCBAF1 mice using a standardized intratracheal infection with 10 4 CFU of C. neoformans ATCC 24067. C3HCBAF1 mice had a lung fungal burden at day 28 postinfection that was intermediate between the burdens of C3H/HeN and CBA/J mice (C3H/HeN versus C3HCBAF1 mice, P Ͻ 0.0001; CBA/J versus C3HCBAF1 mice, P Ͻ 0.01; Fig. 6A ).
To dissect the genetic regulation of susceptibility to experimental cryptococcal infection, 435 C3HCBAF2 mice were intratracheally infected with 10 4 CFU of C. neoformans ATCC 24067 and the lung fungal burden was measured at day 28. C3HCBAF2 mice presented a continuous distribution of lung fungal CFU that was consistent with a complex genetic trait (Fig. 6B) . The mean fungal burden among 217 female C3HCBAF2 mice was 5.62 Ϯ 0.07 log 10 CFU, while the mean fungal burden among 218 male C3HCBAF2 mice was 5.50 Ϯ 0.05 log 10 CFU. A high-density mouse genotyping microarray was used to identify 33,610 informative SNPs between C3H/HeN and CBA/J DNA mice; however, 11 large genomic regions (Ͼ40 Mb) did not possess any informative markers. A total of 94 SNPs with an average spacing of 24.1 Mb were genotyped in the entire C3HCBAF2 population. QTL analysis was performed using the entire F2 population, as sex was not shown to be a significant covariate of lung fungal burden by linear regression analysis. A non-Mendelian pattern of inheritance of SNP alleles on chromosomes 3 and 19 was observed. Marker regression, a method that does not rely on inference of the Mendelian inheritance of parental alleles in the F2 population, was used for the single-marker analysis. Genome-wide analysis of the 435 C3HCBAF2 mice revealed one significant QTL on chromosome 1 at SNP rs30599866 (163.55 Mb) and one significant QTL on chromosome 9 at SNP rs30136669 (113.82 Mb), based on 10,000 permutations of the data set (Fig. 7) . For both of these loci, the additive model gave the highest probability of linkage (P ϭ 0.0001 and P ϭ 0.003 for rs30599866 and rs30136669, respectively; for the recessive model, P ϭ 0.0004 and P ϭ 0.0006, respectively; under the dominant model, all P values were Ͼ0.07). One other SNP on chromosome 16 reached the empirical threshold for suggestive QTL at a P value of 0.10. There were no significant pairwise interactions.
The QTL on chromosome 1, designated C. neoformans susceptibility locus 4 (Cnes4), showed a peak logarithm of the odds (LOD) score of 5.79 (P ϭ 0.0001) with a 2-LOD confidence interval of 128.85 to 179.27 Mb and explained 6.0% of the phenotypic variance. The QTL on chromosome 9, designated Cnes5, showed a peak LOD score of 5.47 (P ϭ 0.0002) with a 2-LOD confidence interval of 83.13 to 122.75 Mb and explained 5.6% of the phenotypic variance. Analysis of the effect of each parental allele at Cnes4 and Cnes5 on lung fungal burden revealed that C3H/HeN mice harbor a resistance allele at Cnes4 and a susceptibility allele at Cnes5 (Fig. 8) . The combined effect of the alleles at both loci is also shown for the nine two-locus genotype groups. For an additive model, one would expect F2 mice homozygous for the C3H/HeN allele at Cnes4 and homozygous for the CBA/J allele at Cnes5 to be in the lower tail of the distribution in Fig. 6B , and conversely, one would expect F2 mice homozygous for the CBA/J allele at Cnes4 and for the C3H/HeN allele at Cnes5 to be in the upper tail of the distribution. Thus, the data are consistent with two strong additive loci, although other genetic and environmental factors as well as experimental variation also contribute to the observed variation in lung CFU.
DISCUSSION
The molecular mechanisms of robust immunity against C. neoformans are poorly characterized. To investigate genetic regulation of the host response against C. neoformans, we have used a wellestablished infection model that mimics clinical disease to characterize a panel of inbred mouse strains and perform complex trait analysis. The major findings of this report are as follows: (i) C3H/ HeN inbred mice are more highly susceptible to intratracheal C. neoformans infection than the closely related CBA/J inbred strain; (ii) C3H/HeN inbred mice mount a Th2 polarized lung immune response to cryptococcal infection, while CBA/J inbred mice generate a Th1 and Th17 response; (iii) two QTLs, Cnes4 on chromosome 1 and Cnes5 on chromosome 9, regulate the development of progressive cryptococcal pneumonia in an additive manner; and FIG 7 QTL analysis for susceptibility to cryptococcal pneumonia. QTL mapping by single-marker regression was performed on the 435 C3HCBAF2 mice using lung fungal burden as the quantitative trait. Genome-wide Ϫlog 10 P values based on 10,000 resamples are plotted against the physical position (Mbp) on chromosomes 1 and 9. Plots for the remaining chromosomes are not shown since the Ϫlog 10 P values were greater than 0.05 for all markers on the chromosome. A P value of Ͻ0.01, which corresponds to a Ϫlog 10 value of 2, was considered to be statistically significant evidence of linkage.
FIG 8 Effect of
Cnes4 and Cnes5 alleles on lung fungal burden following C. neoformans infection. Box plots of the numbers of CFU for the C3HCBAF2 mice are shown for the single-locus genotypes at the linkage peak of rs30599866 (Cnes4) and rs30136669 (Cnes5) and for the two-locus genotypes. The solid bar indicates the median; the bottom and top of each box represent the first and third quartiles, respectively; the whiskers extend 1.5 times the interquartile range; the open circle represents a single value beyond the whiskers. All pairwise comparisons of the single-locus genotypes indicate that mice homozygous for the CBA/J allele (B) are significantly different from mice homozygous for the C3H/HeN allele (A) and from heterozygous mice (H). Among all pairwise comparisons of the two-locus genotype groups, the three most resistant groups (for Cnes4-Cnes5, A-B, H-B, and A-H) are significantly different from the two most susceptible groups (B-H and B-A). In addition, the A-B genotype group is significantly different from the H-H, A-A, and H-A genotype groups (P value range, Ͻ0.05 to Ͻ0.001).
(iv) C3H/HeN mice carry a resistance allele at Cnes4 and a susceptibility allele at Cnes5.
Laboratory mice represent a natural source of allelic diversity and are widely recognized as relevant hosts for the study of C. neoformans infection (9) . A multitude of infection models exists, and the predominant outcome (pneumonia, meningitis, or disseminated disease) varies according to the fungal serotype and virulence, dose and route of infection, and host genetic background (8) . Although no single model can perfectly recapitulate all clinical manifestations, low-dose intratracheal infection with C. neoformans ATCC 24067 closely mimics the course of human disease (pneumonia with a potential for meningitis) and is widely used for studies of pulmonary inflammation and immunity (22) . Nonetheless, identification of genes that regulate host susceptibility to cryptococcal pneumonia using this method has been limited by the fact that natural variation in lung fungal burden and inflammatory responsiveness has been analyzed in only a few inbred strains (12, 20, 21) .
In the current study, we used lung fungal burden at 28 days postinfection to confirm the relative susceptibility of four previously characterized inbred strains (C57BL/6J, BALB/c, CBA/J, SJL/J) and established that complement C5 deficiency is associated with susceptibility on multiple genetic backgrounds (FVB/N, SWR/J, DBA/2J, A/J). The most notable finding from the strain survey was that inbred C3H/HeN mice are highly susceptible to C. neoformans pneumonia, despite the presence of a functional C5 allele and the absence of other known immune defects. Subsequent analysis showed that C3H/HeN mice had a significantly higher lung fungal burden than CBA/J mice from day 21 to day 56 postinfection. The lung fungal burden of C3H/HeN mice reached a plateau from day 21 to 28 and subsequently decreased, while CBA/J mice showed a decreasing lung fungal burden after day 21. The late timing of these differences suggests that genetic susceptibility factors carried by the C3H/HeN strain create a relatively permissive environment for cryptococcal replication during the adaptive phase of immunity. At day 28, C3H/HeN mice also had significantly higher dissemination to the spleen than CBA/J mice; nevertheless, the lack of deaths or detectable brain dissemination in either strain at day 56 suggests that the differential susceptibility of C3H/HeN mice is most likely confined to the lungs.
Both cell-mediated and humoral immunity have been shown to play a protective role in experimental C. neoformans infection (23, 44) . In mice, clearance of C. neoformans requires CD4 ϩ and CD8 ϩ T-lymphocyte subsets (24, 34) , while antibody-mediated protective efficacy depends on several factors, including the host genetic background (44) . Exudate macrophages that are derived from Ly6c-positive (Ly6c ϩ ) monocytes and recruited to the lung via a CCR2-dependent mechanism were also recently shown to mediate cryptococcal clearance (40) . Notably, the susceptible C3H/HeN strain had significantly fewer CD8 ϩ T lymphocytes and CD19
ϩ B cells at day 21 postinfection and smaller numbers of macrophages in the lungs at day 14 and day 21 than resistant CBA/J mice. On the basis of these observations, it is possible that diminished recruitment and/or accumulation of one or more of these lymphoid or myeloid subpopulations mediates host susceptibility in C3H/HeN mice. At day 14 after C. neoformans infection, C3H/HeN mice also developed significantly higher airway and lung tissue eosinophilia, while CBA/J mice mounted a neutrophilic response. Pulmonary eosinophilia is a marker of a Th2 response and has been associated with chronic or progressive cryptococcal infection (21) , while airway and lung tissue neutrophilia is characteristic of resistant inbred strains such as SJL/J and CBA/J (17) . Despite these associations, the role of these inflammatory cell subsets in host defense against C. neoformans is complex. For example, anti-IL-5-mediated reduction of pulmonary eosinophilia in C57BL/6J mice did not significantly influence lung cryptococcal clearance (21) . Similarly, neutrophil depletion with a monoclonal anti-granulocyte receptor-1 (Ly6g/c) Ab prior to cryptococcal infection increased survival of BALB/c mice but did not alter the lung fungal burden at day 7 postinfection; however, it is likely that a nonspecific effect on Ly6c ϩ myeloid cell subsets may have altered host inflammation without affecting pathogen replication (13, 33) . We speculate that neutrophils are a crucial mediator of enhanced host defense in CBA/J mice, although confirmation of this hypothesis will require additional studies.
The lung cytokine milieu and, specifically, the balance between Th1, Th17, and Th2 cytokines regulate the outcome of C. neoformans infection (1). Using various strategies, Th1 (IFN-␥, tumor necrosis factor alpha, IL-12, IL-18) and Th17 (IL-17a, IL-23) cytokines have been shown to be protective against C. neoformans, and Th2 (IL-4, IL-10, IL-13) mediators have been associated with chronic or progressive pulmonary infection (18, 19, 21, 26, 27, 35) . In the present study, CBA/J mice intratracheally infected with C. neoformans expressed significantly higher levels of the Th1-associated cytokines CXCL10 and IFN-␥ as well as the Th17-associated cytokine IL-17 in association with a significantly lower fungal burden and heightened neutrophilia in the lung. In contrast, C3H/HeN mice presented a Th2 lung immune response characterized by significantly higher expression of IL-5 and IL-13 that correlated with eosinophilia, goblet cell metaplasia, and a higher fungal burden (12, 21, 35) . The heightened expression of Th2-associated cytokines has been shown to negatively regulate the Th17 pulmonary immune response in a Th1-independent manner and may explain the significantly reduced IL-17 expression observed in C3H/HeN mice following infection (35, 48) .
The C3H and CBA mouse lines were created during the 1920s after a differential incidence of spontaneous tumor formation was observed among the offspring of a single progenitor pair (42, 54) . Through phenotypic selection and serial brother-sister mating, two independent lines with a high (C3H) and a low (CBA) incidence of tumor formation were created and subsequently disseminated to other investigators (54). Both lines encode the H-2 k haplotype at the major histocompatibility complex, and over 20 inbred substrains with unique phenotypic characteristics have been derived from the original stocks through segregation of residual heterozygosity. Notably, the C3H/HeJ substrain was relatively resistant to high-dose intravenous infection with C. neoformans (43) , despite the fact that it carries a spontaneous loss-offunction point mutation in Toll-like receptor 4 that has been shown to recognize bacterial lipopolysaccharide and cryptococcal glucuronoxylomannan (47) .
The C3H/HeN and CBA/J substrains arising from the original lines are divergent for several infectious disease-related traits, including pneumococcal pneumonia, cutaneous anthrax, and vaginal candidiasis, but due to their recent common origin, the genetic factors underlying these phenotypic variations have been difficult to map due to a paucity of informative markers (7, 37, 38, 42, 49, 51, 54 ). In the current study, a high-density mouse genotyping microarray that assayed 623,124 SNPs in the C3H/HeN and CBA/J inbred strains was used to identify 94 markers for genome-wide QTL analysis of C. neoformans susceptibility (56) . Despite the comprehensive nature and depth of the array, several large genomic intervals were devoid of informative markers and most likely signify areas that are identical by descent between C3H/HeN and CBA/J inbred strains. Accordingly, QTL analysis was conducted using marker regression, a method that is accurate in the presence of noninformative genomic regions or in cases where deviation from Mendelian inheritance of parental alleles is encountered. Two major QTLs that regulate host resistance to C. neoformans, Cnes4 on chromosome 1 and Cnes5 on chromosome 9, were identified. Interestingly, Cnes4 (chromosome 1, 128.85 to 179.27 Mb) colocalizes with the peak position of a susceptibility locus for the fungus Histoplasma capsulatum (32) and the parasite Leishmania major (2) . Furthermore, Cnes5 (chromosome 9, 83.13 to 122.75 Mb) encompasses loci associated with susceptibility to the intracellular eukaryotic pathogens Plasmodium chabaudi (15) and Plasmodium yoelii (39) . It is tempting to speculate that the same genes on chromosome 1 and chromosome 9 regulate host resistance to diverse eukaryotic microbial pathogens; however, an equally plausible explanation is that more than one QTL is present within either or both of these large linkage intervals (31) . The precise nature of the genetic variation that underlies Cnes4 and Cnes5 remains to be established in future studies.
The full complexity of a genetically regulated trait may be elucidated through a multiple-cross-mapping approach that takes advantage of a spectrum of polymorphisms among inbred strains (6, 29) . In a previous report, three QTLs (Cnes1 to Cnes3) that regulate host resistance against C. neoformans pneumonia were identified among F2 mice of a single cross derived from susceptible C57BL/6J and resistant CBA/J strains (10). In the current study, QTL analysis of resistance against the same strain of C. neoformans among F2 mice derived from C3H/HeN and CBA/J strains revealed two distinct loci that have been named Cnes4 and Cnes5. The clear distinction between the QTLs identified in the previous and current studies suggests that the genetic regulation of host resistance to C. neoformans differs between C57BL/6J and C3H/HeN strains, despite their similar Th2 inflammatory response and high lung fungal burden. Analysis of allelic inheritance at the peak of each QTL interval revealed that the susceptible C3H/ HeN strain contributed an allele associated with low fungal burden at Cnes4 and a high fungal burden at Cnes5. A comparison of all allelic combinations at Cnes4 and Cnes5 showed that these two loci have an additive effect such that F2 mice that inherit a C3H/ HeN allele at Cnes4 and a CBA/J allele at Cnes5 are most resistant to cryptococcal pneumonia, while those with the opposite inheritance pattern are the most susceptible. The presence of resistance alleles within a susceptible inbred strain has been previously observed in experimental models of infection, such as a model of Salmonella enterica serovar Typhimurium infection (46) , and further exemplifies how forward genetic approaches are able to delineate unforeseen levels of genetic complexity (45) .
In conclusion, despite the clear heritable variation in host resistance among inbred mouse strains, the pathogenesis of C. neoformans disease and the genetic control of immune responsiveness against this fungal pathogen are poorly understood. The newly described Cnes4 and Cnes5 QTLs identified in the C3H/HeN inbred strain extend our knowledge of the underlying genetic architecture that regulates host susceptibility to progressive cryptococcal pneumonia. Validation and fine mapping of Cnes4 and Cnes5 will facilitate the identification of the candidate genes that these QTLs encode, and precise characterization of the underlying allelic variation will reveal molecular mechanisms of host defense and provide a better understanding of immune regulation.
